With the ambitious forward-looking project "Industry 4.0", the 
CLASSIC PRINCIPLE OF CONTROL ENGINEERING
Control engineering generally involves looking at technical processes from the point of view of systems theory. According to this theory, a technical process consists of inputs and outputs by means of which signals are transmitted between the different subsystems. The subsystems display individual transfer functions, and so the output signals vary as a function of the input signals and the transfer functions. Relationships between cause and effect are therefore considered. Once cause and effect are identified, the obvious aim is to manipulate the cause so that the desired effect is achieved at the end of the particular transfer chain. If the system could be described accurately by a model, it would be conceivable to invert this model and to use this inverse model to determine the appropriate manipulated variable response for each desired output. This is known as open-loop control. In many cases, adequate results can be obtained with openloop control but this is only as good as the underlying model, which usually contains inaccuracies. This may be intentional (after all, a model only has to reflect the relationships that are relevant to the control task), but it may also be undesirable if, for example, relationships are too complex to be described with precision. In addition, it is very difficult in most cases to determine the process parameters accurately. As a result, it is often impossible to achieve sufficient accuracy when setting a desired target output variable or tracking a target output variable response using open-loop control alone. An error will always exist between the target output variable and the actual output variable. At this point, the principle of feedback comes into play. It is accepted that the process cannot be predicted accurately. Instead, any deviations occurring during operation are measured and a control loop is constructed by comparing the setpoint value with the actual value. By combining open-loop and closed-loop control, a more complex and much more effective controller structure is obtained in the form of feed-forward control with follow-up control ( Figure 1) . This involves using a model to set the output variable as accurately as possible, i.e. within the limits of model accuracy. The controller, in practice usually a PID controller, compensates for errors occurring in the actual system in real time. Although often adequate, it is clear from the small number of parameters and the simple mathematical structure of the PID controller that there can only be limited integration of more in-depth process knowledge to compensate for control errors. This process knowledge typically comes into play only during the design phase.
METHODS FOR CONTROLLING PRODUCTION SYSTEMS
To take account of future requirements for technical systems, and thus also control systems, numerous methods exist which appear suitable for use in production engineering, particularly in complex processes and results chains. These include in particular adaptive control, iterative learning control (ILC) ( Figure 2 ) and model-based predictive control (model predictive control, MPC). Adaptive control is based on a classic standard closed loop, which is extended by the addition of an extra step in which, via online process data, process parameters are identified which can be used to adapt the controller parameters. This adaptation, which is often heuristically based, can take place at any step in the process but also over a longer period.
The fact that many process sequences are constantly repeated in production engineering can be exploited using iterative processes such as iterative learning control. Iterative learning processes are characterised by the fact that there is a preset manipulated variable response which is not subject to change within a cycle. Instead, at the end of each cycle, the process data are analysed and the preset manipulated variable response is adapted for use in the next process cycle. Existing model knowledge can also be used here to speed up the convergence of the controller.
The last method, which is being researched within the framework of the Cluster of Excellence "Integrative Production Technology for High-Wage Countries" initiative in relation to its application to a plastics injection moulding machine (cf. [3, 5] ), which will be presented in more detail below, is model predictive control. In this control method, the future behaviour of a process is predicted with the aid of an underlying process model, on the basis of which an optimized control signal is calculated. Unlike the traditional PID controller, the model is not only used for the design but it is also an explicit component of the control algorithm.
Apart from investigating the applications of the different control approaches in production engineering, projects within the Cluster of Excellence are also aiming to formulate advanced control engineering methods in such a way that they are easier to apply and more practical. The intention is to demonstrate that it is worth taking the step from simple, traditional controllers to complex controllers. The concepts of modelling and optimisation in particular should be the driving forces to justify the generally higher computing capacity required for advanced control methods on account of better interpretability. The much more intuitive design process [1] provides good prospects for model-based predictive control compared with traditional control methods.
MODEL PREDICTIVE CONTROL -MODEL AND OPTIMISATION
MPC calculates the future behaviour of a process on the basis of a model. In principle, various types of model are 
referred to as a white-box model. In contrast, no process knowledge whatsoever is needed for a blackbox model. Black-box models can be, for example, neural networks or identified maps in the process which represent the dependencies between inputs and outputs. Both types of model have advantages and disadvantages, however. It is often impossible to model all of the relevant properties for a process purely physically, particularly if models have to reflect the relationships not only qualitatively but also quantitatively. On the other hand, any relationships can be modelled using neural networks without extensive process knowledge if enough measured data sets are available as training data. However, the lack of interpretability is a great disadvantage which also makes it difficult to check the plausibility of the model obtained. In addition, only limited extrapolation is possible with neural networks and therefore the derived models can only be used for areas of work that are covered by the training data. For all other areas, the black-box model cannot generally be used. It is therefore appropriate to use physically motivated modelling as far as possible and to extend this with a black-box model if necessary. A "mixed" model of this type is known as a grey-box model.
If it is possible to derive a suitable model of the system to be controlled, MPC calculates the control signal (input signal for the system) that leads to an optimum output signal, taking account of a cost functional. To this end, the process behaviour is predicted (Figure 3) over the prediction horizon at each time step. The optimisation is implemented again at each step based on the current state of the system (receding horizon principle), resulting in a feedback loop. In contrast to traditional control approaches, with MPC it is possible to take explicit account of constraints (manipulated variables, process variables) and at the same time to use the cost functional to balance different factors (e.g. energy consumption versus control speed). It is also possible to extend control to multi-variable systems without any structural alterations. 
CAVITY PRESSURE CONTROL IN THE INJECTION MOULDING OF PLASTICS
In the injection moulding of plastics, the quality of the mouldings is fundamentally determined by the cavity pressure during the holding pressure stage [4] . To ensure satisfactory quality as reproducibly as possible and to be able to react automatically to any disturbances or changing conditions, the concept of "pvT optimisation" has been developed at the Institute of Plastics Processing (IKV) in Industry and the Skilled Crafts at RWTH Aachen University (cf. [2] ). An essential part of this concept is a cavity pressure controller which outputs a temperaturedependent pressure setpoint during the holding pressure phase. This is a complex nonlinear subsystem. Results with traditional controllers are only satisfactory to a limited degree so, in a collaboration between the IRT (Institute of Automatic Control) and the IKV, the use of model-based predictive control ( Figure 4) is being pursued. The model will be described below in order to give an impression of the nature and scope of the model that forms the basis of the online optimisation being described.
To be able to guarantee real-time capability, the model has to be calculated quickly and therefore it must not be too complex. On the other hand, it is nevertheless important to ensure that the essential process dynamics are modelled. To meet both of these requirements, a so-called meta-model is used for pressure control, which describes the system in simplified form with two pressure vessels, the mould cavity and plasticating unit, and a throttle ( Figure 5 ).
While the cavity has a constant volume, a singleacting hydraulic cylinder is assumed for the plasticating unit. The volume of the plasticating unit can be varied by means of an electrically actuated spindle drive so that there is a melt flow between the two vessels through the flow channel which is modelled as a hydraulic throttle. Unknown variables that must be determined for reliable control are the effective volumes of the cavity and plasticating unit and the flow behaviour through the throttle. The behaviour of the throttle is highly dependent on geometry and material and is not therefore described physically but is stored empirically in the form of a data map (cf. [3] ). The required variables can be determined in operation by suitable tests which are carried out specifically for this purpose.
In preliminary tests based on an empirically determined throttle map and the empirically determined volumes, improved control behaviour was achieved using MPC compared with a simple PI controller without feedforward control [5] . For the test, neither the PI controller nor the MPC was optimised by extensive adjustment of the parameters. No statement can, or should, therefore be made regarding the control performance that is achievable with each of these methods. Instead, the resulting pressure trajectory (Figure 6 ) can be used to show two advantageous characteristics of MPC: the ability to take explicit account of constraints and the inherent feed-forward control.
On closer examination of the pressure trajectories ( Figure 6 ), it is clear that MPC anticipates abrupt changes in the reference trajectory. For instance, the cavity pressure has already fallen before marked changes occur in the reference trajectory, so tracking is better overall. This is possible because MPC predicts the future response of the system variables based on the stored model and adjusts it to the reference trajectory. Constraints such as the maximum control speed of the drive can be explicitly predefined. By taking account of constraints in the optimisation, it is largely possible to avoid overshooting, as occurred with the PI controller used here.
It would, of course, be entirely possible to achieve comparable results using a traditional PI controller but this would require extensive upgrades. On the one hand, the follow-up control would have to be supplemented with a feed-forward control which would take account of future changes in the reference trajectory and improve the system dynamics. On the other hand, constraints (e.g. relating to the manipulated variables) or other boundary conditions would have to be handled with rather abstract add-ons to the feed-forward control or closed-loop control (e.g. anti-windup, pre-filters, reference adaptation etc.), which would have associated planning and design costs and would require more in-depth knowledge of control engineering. However, with MPC it is primarily the stored model or model parameters that are adapted, making controller adjustment more intuitive than with traditional control strategies. In the present case, the necessary model identification, and thus the parameter setting, can even be carried out largely automatically, making it easier and quicker to adjust the controller.
CONCLUSIONS
Model predictive control as presented in this paper can be a valuable tool in the autonomous running of complex plastics production processes. MPC optimises the actual process online and can take account of various, sometimes opposing, requirements. The most important feature compared with traditional control methods is the specific use of a model to predict the future response of the process. If a suitable model is chosen, many tasks, particularly taking account of constraints or adapting to changing boundary conditions, can be implemented much more intuitively than is the case with traditional approaches.
